Smad5, together with Smad1 and Smad8, have been implicated as downstream signal mediators for several bone morphogenetic proteins (BMPs). Recent studies have shown that primordial germ cells (PGCs) are absent or greatly reduced in Bmp4 or Bmp8b mutant mice. To de®ne the role of Smad5 in PGC development, we examined PGC number in Smad5 mutant mice by Oct4 whole-mount in situ hybridization and alkaline phosphatase staining. We found ectopic PGC-like cells in the amnion of some Smad5 mutant mice, however, the total number of PGCs was greatly reduced or completely absent in Smad5 mutant embryos, similar to Bmp4 or Bmp8b mutant embryos. Therefore, Smad5 is an important factor involved in PGC generation and localization. q
Introduction
Murine PGCs are ®rst identi®able at embryonic day 7.25 (E7.25) as a cluster of less than 50 cells with high alkaline phosphatase (AP) activity located in the extraembryonic mesoderm posterior to the primitive streak (Chiquoine, 1954; Ginsburg et al., 1990; Lawson and Hage, 1994) . At a later developmental stage (E8.0), PGCs enter into the subjacent hindgut endoderm and migrate through the hindgut mesentery to reach the genital ridges around E11.5 (Anderson et al., 2000; Lawson and Hage, 1994) . PGCs proliferate as they migrate along the route and reach a total population of about 26 000 by E13.5 (Ginsburg et al., 1990; Tam and Snow, 1981) . Fate mapping studies in the early mouse embryos indicate that PGCs, allantois, yolk sac mesoderm and both the extraembryonic mesoderm and ectoderm layers of the amnion are derived from the proximal epiblast cells at the egg cylinder stage (Lawson and Hage, 1994) . Heterotopic transplantation experiments show that some distal epiblast cells can acquire the potential to become PGCs and extraembryonic mesoderm cells once they are transplanted to the proximal epiblast (Tam and Zhou, 1996) , suggesting that the speci®cation of PGC cell fate is subjected to certain site-speci®c in¯uences.
Transforming growth factor b (TGF-b) superfamily proteins are important extracellular signaling proteins participating in many developmental and physiological processes (Hogan, 1996; Kingsley, 1994; Lau et al., 1997) . Lawson et al. (1999) discovered that Bmp4, a member of the TGF-b superfamily, is required for PGC generation in the mouse. Mutant mice lacking BMP4 do not develop PGCs or an allantois. Chimera analyses further indicated that BMP4 secreted from the extraembryonic ectoderm is essential for the proximal epiblast cells to differentiate into PGCs and the allantois (Lawson et al., 1999; McLaren, 1999) . Bmp8b is another TGF-b superfamily member expressed in the extraembryonic ectoderm before and during gastrulation. Mice lacking BMP8B had no PGCs or greatly reduced PGCs (Ying et al., 2000) . The allantois in Bmp8b null embryos is developmentally delayed and smaller than that of control embryos (Ying et al., 2000) . Taken together, BMP4 and BMP8B produced by the extraembryonic ectoderm cells before gastrulation are required for PGC generation.
SMAD proteins are downstream signaling mediators for TGF-b superfamily members (Wrana and Attisano, 1996; Heldin et al., 1997; Massague Â, 1998) . In vitro biochemical analyses and Xenopus animal cap explant assays suggest that SMAD5 is speci®c for BMP signaling (Heldin et al., 1997) . SMAD1 and SMAD8 share the highest sequence homology with SMAD5 and are also implicated in BMP signaling by in vitro assays (Kawai et al., 2000; Liu et al., 1996; Macias-Silva et al., 1998; Nakayama et al., 1998) . However, the in vivo genetic relationship between these SMAD proteins and different BMPs remains unclear.
Smad5 (also known as Madh5) is expressed ubiquitously in mouse adult tissues and during embryogenesis (Chang et al., 1999; Meersseman et al., 1997) . At E6.5, Smad5 is expressed uniformly in the epiblast, whereas its expression in the extraembryonic ectoderm and extraembryonic endoderm is not above background. At E8.5, Smad5 mRNA is present in all three germ layers and their derivatives. By E12.5, relative high levels of Smad5 mRNA are observed in the urogenital systems, suggesting a role of Smad5 in the development of these tissues. We previously generated mice with a targeted mutation in Smad5 using embryonic stem (ES) cell technology (Chang et al., 1999) . Although heterozygous null mice are viable and fertile, homozygous mutant embryos die between E9.5 and E11.5 with multiple defects in the embryonic and extraembryonic tissues, including defects in the cardiovascular system, craniofacial structures (Chang et al., 1999; Yang et al., 1999) and left-right asymmetry (Chang et al., 2000) . The allantois of the Smad5 null mice is not well organized and often has an enlarged base. Furthermore, ectopic blood and vessel formation was observed in the amnion of the mutant embryos (Chang et al., 1999) . We decided to examine the development of PGCs in Smad5 mutant mice for two reasons. First, since PGCs and cells in the allantois and the amnion are derived from the proximal epiblast cells, abnormalities in the allantois and amnion therefore suggest possible PGC development defects. Second, mutant mice lacking BMP4 and BMP8B, two putative upstream ligands of SMAD5, have none or greatly reduced PGCs, suggesting that SMAD5 null mice might have similar defects.
Results

PGCs are absent or greatly reduced in Smad5 mutant embryos
It is tempting to speculate that homo-or heterodimers of BMP4 and BMP8B signal through SMAD5 to induce PGC cell fate. On a 129SvEv/C57 mixed genetic background, the earliest morphological defects of Smad5 null embryos are observed in the allantois and the amnion at E8.0 (Chang et al., 1999) . The allantois of the Smad5 null embryos is not well organized and often has an enlarged base. Normally, the amnion is very thin and a smooth membrane covers the embryo (Hogan et al., 1994) . In Smad5 null embryos, however, there are always blocks of cells with extraembryonic mesoderm origin attaching on the surface of the amnion at E8.0 (Chang et al., 1999) .
To examine the role of Smad5 in PGC development, we ®rst performed Oct4 whole-mount in situ hybridization (Fig.  1 ). Oct4 is a member of the POU family of transcription Fig. 1 . Expression pattern of Oct4 in wild-type (WT) and Smad5 null (2/2) embryos. At E8.0, Oct4 was expressed strongly in the PGCs located in the invaginating hindgut pocket of a wild-type embryo with 7 pairs of somites (A, frontal view; B, rear view). The hindgut pocket region was viewed at higher magni®cation (C) and the arrow indicates the PGCs. Transverse section at level`d' of panel (B) was shown (D) to reveal PGCs (arrow) integrated in the hindgut endoderm. Ectopic expression of Oct4 was observed (arrow in E) in the amnion of a Smad5 homozygous null embryo (E) and PGCs were greatly reduced (F, lower power; G, higher power). The arrow in (G) indicates a few PGCs close to the developing hindgut region. Transverse section at level`h' of panel (E) was shown (H) and the arrow points to the ectopic cells in the amnion expressing Oct4.
factors and is expressed strongly in the epiblast cells of pregastrulation mouse embryos and down-regulated as this pluripotent cell population differentiates, eventually expressed exclusively in germ cells (Scho Èler et al., 1990) . Targeted mutagenesis of Oct4 in mice further indicates that Oct4 is essential for the formation of pluripotent stem cells in the mammalian embryo (Nichols et al., 1998) . Oct4 positive PGCs were observed in wild-type and Smad5 heterozygous embryos in the invaginating hindgut endoderm at E8.0 to E8.5 but absent or greatly reduced in Smad5 mutant embryos (Fig. 1) . To our surprise, we found Oct4 was expressed in the blocks of cells attached on the amnion of Smad5 null embryos (Fig. 1E,H) . Our previous studies suggested that these ectopic cells were derived from extraembryonic mesoderm and developed into blood and vessellike structures at later stages (Chang et al., 1999) . To determine if the ectopic Oct4 positive cells are mislocated PGCs, we also examined alkaline phosphatase activity in sectioned and whole-mount embryos.
PGCs have strong alkaline phosphatase activity due to the expression of tissue non-speci®c alkaline phosphatase (TNAP) (Ginsburg et al., 1990; MacGregor et al., 1995) . Fast Red was used as a substrate for alkaline phosphatase to detect PGCs in whole-mount mouse embryos (Ginsburg et al., 1990; Lawson et al., 1999; Ying et al., 2000) . After Fast Red staining, an abundance of PGCs were detected in wild-type embryos at E8.0 ( Fig. 2A) , E8.5 (Fig. 2D) , and E9.5 (Fig. 2I,J) . Comparisons between the PGC number in wild-type ( Fig. 2A,D,I ,J), Smad5 heterozygotes (Fig. 2B ) and Smad5 null (Fig. 2C ,F±H,K,L) embryos could be easily made at these embryonic stages. The Fast Red staining results con®rmed our previous observation from the Oct4 whole-mount in situ hybridizations that PGCs in the normal locations were greatly reduced or absent in Smad5 null embryos. Strong Fast Red stained PGCs were localized at the base of the allantois at E8.0 and the hindgut endoderm at E8.5 and migrated along the hindgut mesentery toward the forming genital ridges at E9.5 in wild-type and heterozygous littermates as well as in Smad5 homozygous null embryos that had reduced PGCs (Fig. 2) . Furthermore, as shown in Fig. 2F (white arrow), most of the ectopic growing cells on the amnion were not strongly stained by Fast Red, indicating that they were not mislocated PGCs. However, we did see PGC-like cells in the amnion of some Smad5 null embryos (Fig. 2F, black arrow) .
We also examined alkaline phosphatase activity on paraf®n sections. PGCs display distinctive cytoplasmic`spots' of alkaline phosphatse activity and a higher enzyme activity on the cell surface than that of other cell types in their vicinity (Tam and Zhou, 1996) . We found that in the ectopic cells on the amnion of Smad5 null embryos, some cells looked exactly like PGCs (Fig. 2L) . Interestingly, those PGC-like cells were no longer detectable on the amnion of Smad5 null embryos at E9.5, when the ectopic cells on the amnion differentiated into blood and vessel-like structures (Fig.  2M ). These ectopic PGC-like cells may eventually die because of the absence of germ cell survival factors (Anderson et al., 2000) . Our studies indicate that PGCs are both reduced in number and occasionally mislocated in mice lacking SMAD5.
Smad5 affects the founder population of PGCs in a dosage-dependent manner
Comparison of littermates from Smad5 heterozygote intercrosses on a 129SvEv/C57 hybrid genetic background Fig. 2 . Fast-Red staining of wild-type (WT), Smad5 heterozygous (1/2) and Smad5 homozygous null (2/2) embryos. At E8.0, Fast-Red stained PGCs (arrows) were located at the base of the allantois and in the invaginating hindgut endoderm (A±C). PGCs were greatly reduced in the Smad5 homozygous null embryo (C) and the Smad5 heterozygous embryos had an intermediate number of PGCs (B). At E8.5, PGCs were located in the hindgut pocket of a wild-type embryo (D, rear view; arrow in D points to PGC). PGC-like cells were found in the amnion (black arrow in E and F) next to the ectopic block of cells (white arrow in`E' and`F') or close to the base of the allantois (arrow in`G') of a Smad5 null embryo (E, frontal view; F, boxed region in`E' viewed at a higher magni®cation; G, lateral view; H, rear view). No PGCs were found in the hindgut of this mutant embryo (H). At E9.5, Fast-Red stained PGCs migrate along the dorsal mesentery toward the genital ridges in the wild-type embryo (panel I and J;`J' is a higher magni®cation view of the boxed region in`I'). PGCs (arrow in K) were also found in the dorsal mesentery of a Smad5 null embryo. On sections, PGClike cells (arrow in L) characterized by distinctive cytoplasmic spots of alkaline phosphatase activity and a higher enzyme activity on the cell surface are observed on the amnion of the Smad5 null embryos at E8.5 but were no longer visible at E9.5 (M).
at E8.0±E8.5 revealed that there is a dosage effect of Smad5 on PGC number. We compared PGC numbers in wild-type, Smad5 heterozygote and Smad5 homozygous null embryos with 0-5 pairs of somites. We found that the average PGC number was 65 in the wild-type, 45 in the heterozygous, and 8 in the homozygous embryos (Fig. 3A) . To ensure accuracy, we counted PGCs in each embryo four times and used the average as the PGC number for that embryo. The differences among the three genotypes were statistically signi®-cant (P , 0:05 between wild-type and Smad5 heterozygotes, P , 0:01 between Smad5 heterozygotes and Smad5 homozygotes). Although Smad5 heterozygous embryos were indistinguishable from their wild-type littermates in terms of overall size and morphological features, they had reduced PGC number compared with wild-type littermates (Figs. 2A,B and 3A) . At the adult stage, the Smad5 heterozygous mice were less fertile compared with wild-type mice. The average littersize of Smad5 heterozygotes timed-mating was 7.0^0.4 (232 embryos from 33 litters at E7.5±E9.5), whereas the average litter size was 9.2^0.3 (184 embryos from 20 litters at E7.5±E9.5) for wild-type mice on a 129SvEv/C57 mixed genetic background.
To determine at which stage the differences in PGC number occurred, we performed regression analysis. PGC number collected from whole-mount embryos (E8.0±E9.5) was plotted against somite number (Fig. 3B) . The slopes of the regression line for the wild-type and Smad5 heterozygous mice were not signi®cantly different, indicating that the increase rate of the PGCs was not signi®cantly different for mice with one or two copies of the wild-type Smad5 gene. It appears that the dosage of the Smad5 gene affects the size of the PGC founder population rather than the proliferation or survival of the PGCs. No PGCs were found in about 20% of the Smad5 null embryos. For the rest of the Smad5 null embryos, the slope of the regression line was slightly different from those for the wild-type and the heterozygous mice. One possible explanation for this difference is that in the homozygous mutant embryos, ectopic PGCs as well as the few points above 15 somites greatly in¯uence the slope of the regression line. In contrast to Bmp4 null embryos (Lawson et al., 1999) , all of the Smad5 null embryos had an allantois, even those without any PGCs.
Discussion
Role of Smad5 in PGC development
We found that in Smad5 null embryos, PGCs were greatly reduced or completely absent. Furthermore, mislocated PGCs were found on the amnion of many Smad5 null embryos. Our studies indicate that Smad5 is involved not only in PGC generation but also in PGC localization. In early post-implantation mouse embryo (E6.5), Smad5 is expressed uniformly in the epiblast (Chang et al., 1999) . This expression pattern is consistent with a role of Smad5 in PGC generation. We hypothesize that SMAD5 in the proximal epiblast cells functions as a downstream signal mediator of BMP4 and BMP8B, which are secreted from the extraembryonic ectoderm and act as inductive signals of PGC generation (Lawson et al., 1999; Ying et al., 2000) . This hypothesis is supported not only by the correct spatio- Fig. 3 . Dosage effect of Smad5 alleles on PGC number. (A) Number of PGCs in embryos of different genotypes, wild-type (WT; n 24), heterozygotes (1/2; n 24), and homozygotes (2/2; n 10) at the neural-fold to early head-fold stage (0±5 pairs of somites) were compared. Results were presented as means^SEM. Single asterisk indicates there was a statistical signi®cance (P , 0:05) between wild-type and heterozygotes; double asterisk denotes a statistical signi®cance (P , 0:01) between heterozygotes and homozygotes. (B) Linear regression analysis of log PGC number (Y) versus somite number (X) for wild-type, Smad5 heterozygotes, and Smad5 homozygotes. The slopes of the regression lines for wild-type and Smad5 heterozygous embryos were not signi®cantly different.
temporal expression pattern of the three genes but also by the phenotypic similarities between mutant embryos lacking either Smad5, or Bmp4, or Bmp8b. All the mutant embryos have defects in the development of both PGCs and allantois, suggesting that the common precursors for these two cell types were affected in these mutants. Therefore, they are likely involved in the same developmental process, i.e. to determine the cell fate of the proximal epiblast cells, which are the precursor cells for PGCs, allantois, amnion and yolk sac mesoderm. However, phenotypic differences also exist between mice lacking Smad5, Bmp4 or Bmp8b. Compared with Bmp4 and Bmp8b null embryos, the effect of Smad5 on PGC generation is milder. About 80% of the Smad5 null embryos had PGCs whereas most of the Bmp4 (Lawson et al., 1999) and about half of the Bmp8b null (Ying et al., 2000) embryos did not. Functional compensation of the closely related homologs of Smad5, i.e. Smad1 and Smad8, may help explain the less severe PGC defects in Smad5 null embryos. Phenotypic differences also exist in allantois development. Bmp4 null embryos completely lacked an allantois in all the genetic background tested (Lawson et al., 1999) whereas Bmp8b null embryos had a smaller allantois, possibly resulted from a developmental delay (Ying et al., 2000) . The allantois of Smad5 null mice had an enlarged base and less organized structure, probably due to defects in cell sorting and cell migration mechanism (Chang et al., 1999) .
One interesting observation in Smad5 2/2 embryos is that ectopic patches of cells are present on an otherwise smooth surface of the amnion (Chang et al., 1999) . These cells have extraembryonic mesoderm origin as suggested by twist and AP-2 in situ hybridization (Chang et al., 1999) . Two pieces of evidences suggested that these cells might have derived from the same precursor cells as the allantois. First is that Tbx2, a T-box containing gene expressed only in the allantois and the cardiac mesoderm at E8.5 in wildtype embryos, was expressed in those cells (Chang et al., 1999) . Second is that those cells differentiate into blood and vessel-like structures at later stages of development, similar to the allantois, which develops into the umbilical cord eventually. This hypothesis was called into question by the Oct4 wholemount in situ hybridization results from our current study. Oct4 was highly expressed in the ectopic group of cells in the amnion but not in the allantois. An explanation for this discrepancy is that although these cells are derived from the same precursor cells as the allantois and the PGCs, they are less differentiated than cells in the allantois. It is likely that these ectopic cells still kept their totipotency at the time of examination, since Oct4 is expressed in totipotent embryonic cells and germ cells (Pesce and Scholer, 2000) . Smad5 may be responsible for separating cells fated to become allantois and PGCs from those that will become mesodermal cells in the yolk sac and the amnion. By some unknown mechanisms, cells that will become the PGCs and the allantois remain at the posterior of the primitive streak whereas cells fated to become yolk sac or amnion mesoderm migrate out to their destination, although all of them has the same origin. When Smad5 is mutated, this sorting mechanism is compromised and results in mislocation of allantois-and PGC-like cells in the amnion. These ectopic PGC-like cells are expected to die because of the absence of germ cell survival factors (Anderson et al., 2000) . Fate mapping studies may provide more evidence to help understand this process.
In summary, Smad5 is involved in at least two steps of PGC development (Fig. 4) . First step is the allocation of PGC precursors, SMAD5 function is required in the proximal epiblast cells to respond to the inductive signals from the extraembryonic ectoderm, such as BMP4 and BMP8B. Second step is the localization of PGC precursor cells. Smad5 is likely required in the extraembryonic mesoderm cells, including the PGCs, to help sort cells that will become the allantois and PGCs from those that will give rise to the amnion and yolk sac mesoderm. The upstream factors of Smad5 in this process remain to be identi®ed. Bmp4 is a good candidate, since it is expressed in both the extraembryonic ectoderm and the extraembryonic mesoderm, but not in the PGCs (Lawson et al., 1999) . Bmp8b, however, is only expressed in the extraembryonic ectoderm during gastrulation. Our previous studies have shown that Smad5 is expressed ubiquitously in all three germ layers and their derivatives during gastrulation, most likely it is expressed in the PGCs as well (Chang et al., 1999) . It will be very important to develop a good SMAD5 antibody to look at the localization of SMAD5 at the cellular level in our future studies. Generation of chimera mice in the future will also help to answer if the effect of Smad5 on the localization of PGCs is cell autonomous or non-autonomous. 
Materials and methods
In situ hybridization
RNA in situ hybridization using a probe for Oct4 was performed on whole-mount embryos at E8.0 or E8.5. Whole-mount in situ hybridization procedure was performed as described by Albrecht et al. (Albrecht et al., 1997) . Yolk sacs of the embryos isolated before wholemount in situ was used for genotype analysis. Occasionally, the whole embryo was used for genotype analysis after whole-mount in situ hybridization.
Detection and analysis of PGCs
All of the mice used for PGC development were maintained on a mixed genetic background (129/SvEv £ C57BL/6). For whole-mount staining, embryos from E7.5 to E9.5 were dissected out from the decidua and Reichert's membrane removed in cold phosphate-buffered saline (PBS). The embryos were then ®xed in 4% paraformaldehyde in PBS for 1±2 h at 48C. After washing three times with PBS (two minutes per wash), the embryos were treated with 70% ethanol for 1±2 h at 48C. The embryos were then washed three times with distilled water at room temperature (5 min per wash), and stained with freshly prepared a-naphthyl phosphate/ fast red TR solution (Ginsburg et al., 1990) for 15±20 min at room temperature. The embryos were then washed and retained in PBS. To count the PGCs, the yolk sacs without the PGCs were removed, and the somite number was counted. The embryos were subsequently sectioned into anterior and posterior halves, and where necessary, the anterior portion was used for genotype analysis. The stained posterior portion of young embryos (E8.0±E8.5) was transfered to 70% glycerol to clear and then¯attened on a slide under a coverslip. PGCs were counted under a microscope. For older embryos (E9.0±E9.5), the hindgut was isolated and transfered to 70% glycerol to clear, and the PGCs were counted under a microscope.
For staining PGCs in sections, E8.5±E9.5 embryos were collected and ®xed with 4% paraformaldehyde in PBS for 2 h, followed by dehydration through an increasing series of ethanol. The embryos were cleared in xylene and embedded in low melting point wax (Fisher Scienti®c) and sectioned. Alkaline phosphatase activity was detected by incubation in NBT/BCIP substrate solution for 15 min at room temperature after the slides were dewaxed and rehydrated. The sections were counterstained with eosin.
Histological analysis
After whole-mount in situ hybridization, embryos were post-®xed in MEMFA (0.1 M MOPs, pH 7.4; 2 mM EGTA; 1 mM MgSO 4 ; and 3.7% formaldehyde) at room temperature for 30 minutes and transferred to 90% MeOH. The embryos were then dehydrated in 95% EtOH, 100% EtOH, cleared in xylene and embedded with paraf®n.
Sections were made at 7 mm, and counter-stained with EosinY to view the histology (Ying et al., 2000) .
